C oarctation of the aorta (COA) accounts for 5% to 8% of congenital heart diseases. [1] [2] [3] The timing of presentation is variable, ranging from newborn to adulthood, and the presentation timing is often related to the severity of the obstruction and the presence of other associated structural heart diseases. 1, 2 Previous studies have shown that patients with COA are at risk for cardiovascular mortality because of premature coronary artery disease (CAD) even after successful surgical or transcatheter intervention. 2, 4, 5 Although several studies have reported an association between COA and CAD, 2, [4] [5] [6] [7] [8] there is only one study that compared CAD prevalence between patients with COA and a matched cohort of patients with ventricular septal defect. 9 This study did not show an independent association between COA diagnosis and CAD. 9 As the prevalence of acquired heart disease continues to increase in the congenital heart disease population because of aging, 10 it becomes imperative to resolve the uncertainty of risk of CAD in patients with COA, as this will potentially change how these patients are managed. Based on the previous report by Roifman et al 9 and our clinical observations, we hypothesized that the presence of atherosclerotic cardiovascular disease (ASCVD) risk factors, rather than the diagnosis of COA, was the primary determinant of CAD occurrence in patients with COA. To test this hypothesis, we designed a study with the following specific aims: (1) compared the prevalence of CAD between COA patients and other patients with congenital heart disease; (2) determine the independent risk factors for CAD in COA patients.
Methods Patient Selection and Data Collection
This is a retrospective review of patients (aged ≥18 years) with a COA who received care at Mayo Clinic Rochester, MN from January 1, 1995 through December 31, 2017. We selected a control group of patients with diagnoses of valvular pulmonic stenosis or tetralogy of Fallot who received care at Mayo Clinic within the same time period. The rationale for using patients with tetralogy of Fallot or valvular pulmonic stenosis as the control group was because there is no known association with CAD and also because we had a well characterized cohort with extensive clinical follow-up. The Mayo Clinic institutional review board approved this study and waived informed consent for patients who provided research authorization. Data, analytic methods, and study materials will be made available to other researchers on request.
The electronic health records were extensively reviewed in these patients. Clinical data such as ASCVD risk factors, laboratory data, comorbidities, medications and imaging data at the time of initial presentation were collected as the baseline variables. Images and reports of invasive coronary angiogram and cardiac computed tomography (CT) angiogram were reviewed to determine CAD diagnosis.
Study Design and End Points
The primary outcome was prevalence of overall CAD and premature CAD. CAD diagnosis was defined as acute coronary syndrome (ST-segment-elevation myocardial infarction, non-ST--elevation myocardial infarction, or unstable angina), history of coronary revascularization (coronary artery bypass grafting [CABG] or percutaneous coronary intervention) or >50% stenosis in any vessel on invasive coronary or CT angiogram. Premature CAD was defined as CAD diagnosis before the age of 55 or 65 years in men and women, respectively. 11 The patients with CAD diagnosis at the time of initial presentation and the patients diagnosed with CAD during follow-up (incident cases) were combined to determine CAD prevalence in each study group. The secondary outcome was CAD risk factors. Hemodynamically significant residual coarctation was defined as uncorrected peak velocity of >2.5 m/s at the aortic isthmus. 12 Two sets of analyses were performed to test the hypothesis about the association between COA and CAD. First, CAD prevalence was compared between the COA and the control groups (unadjusted prevalence) and between propensitymatched cohorts of COA and the control groups (adjusted prevalence). Second, multivariable analyses of ASCVD risk factors were performed using a combined cohort of both the COA and control groups. Exploratory analysis was performed to determine the performance of the American College of Cardiology ASCVD risk calculator 13 in predicting incident CAD in the subset of COA patients without CAD at the beginning of the study. 14 The performance of the calculator was assessed by calculating the proportion of these patients who would have qualified for statin therapy based on a 10-year ASCVD risk score calculated with variables obtained at the time of initial presentation. Based on the guidelines for management of stable ischemic heart disease, 11 we defined guideline directed medical therapy as the use of at least two of these medications: antiplatelet therapy, beta-blocker therapy or angiotensin converting enzyme inhibitor/angiotensin receptor blocker therapy.
Statistical Analysis
Data were presented as meanAESD, median (interquartile range) or counts (%), and between-group comparisons were performed using t test, Wilcoxon test, chi square test, and Fisher exact test as appropriate. To adjust for differences in the baseline clinical characteristics of both groups, propensity matching was performed using logistics regression to determine the probability of having similar ASCVD risk profile as the case group (COA) adjusting for the following variable: age, male sex, hypertension, hyperlipidemia and diabetes mellitus. Based on the probability estimate for each COA patient we then selected a control patient with a probability estimate within one standard deviation for each particular. Based on these parameters, we were able to identify a suitable "match" for 126 of the COA patients.
Multivariable logistic regression models were used to determine the independent predictors of CAD, and the variables used in the models were chosen a priori on the basis of known ASCVD risk factors. 11 COA diagnosis, history of COA repair, and presence of hemodynamically significant residual coarctation gradient (uncorrected peak velocity >2.5 m/s at the aortic isthmus) were also incorporated in the model. A separate multivariable logistic regression models was constructed to determine the predictors of premature
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What Is New?
• After adjusting for atherosclerotic cardiovascular heart disease risk factors, patients with coarctation of aorta had similar risk for coronary artery disease compared with other patients with congenital heart disease.
What Are the Clinical Implications?
• The risk of coronary artery disease in coarctation of aorta patients is attributable to atherosclerotic cardiovascular disease risk factors, therefore premature coronary artery disease is not an inevitable complication of coarctation of aorta diagnosis but a preventable morbidity.
• The goal should therefore be to identify and aggressively treat modifiable coronary artery disease risk factors in patients with coarctation of aorta.
CAD. To avoid over-fitting of the model for premature CAD because of lower event rate, we assessed only the variables that were significant in the model for overall CAD. The adjusted risk from these models were expressed as odds ratio (OR) and 95% CI. All statistical analyses were performed with JMP software (version 13.0; SAS Institute Inc, Cary, NC) and P<0.05 was considered statistically significant.
Results

Baseline Clinical and Echocardiographic Data
A total of 654 patients and 876 patient-controls met the inclusion criteria for the COA group and the control group, respectively. Of the 654 COA patients, 598 (92%) had prior COA repair, and the mean age at the time of initial repair was 10AE4 years. A total of 104 (16%) patients had hemodynamically significant residual coarctation at the time of initial presentation. The control group consisted of 616 (70%) patients with tetralogy of Fallot and 260 (30%) patients with valvular pulmonic stenosis. In comparison with the control group, the patients in the COA group were younger at the time of initial presentation, 38AE14 versus 36AE16 years, P=0.005. Other significant differences in the clinical, echocardiographic, and exercise data of the COA and control groups at the time of initial presentation are shown in Table 1 .
Prevalence of CAD in COA
Of the 654 patients in the COA group, 18 (2.8%) had CAD at the time of initial presentation, and among these patients, 12 had a history of acute coronary syndrome, 13 had prior coronary revascularization (CABG [n=7], and percutaneous coronary intervention [n=6]), and 5 had significant (>50%) stenosis on invasive coronary or CT angiogram without revascularization. These 654 patients were followed for 7AE3 years, and during this period there were 33 incident cases of CAD. The incident cases were diagnosed using invasive coronary angiogram (n=21) and CT angiogram (n=12). The indications for angiograms were non-ST-elevation myocardial infarction (n=4), unstable angina (n=9), abnormal stress test (n=6), left ventricular dysfunction (n=4), and preoperative coronary angiogram (n=10). Of these 33 incident cases, 4 (12%) underwent percutaneous coronary intervention; 7 (21%) had concomitant CABG during aortic valve replacement and/or COA surgery; and 22 (67%) received guideline directed medical therapy alone. The overall CAD prevalence in the COA group was 7.8% (51 of 654), and the prevalence of premature CAD was 4.4% (29 of 654). There was no evidence of a difference in CAD prevalence between patients with versus without history of COA repair, or between patients with versus without hemodynamically significant Of the 876 patients in the control group, 17 (1.9%) had CAD at the time of initial presentation, and among these patients, 11 had a history of acute coronary syndrome, 9 had prior coronary revascularization (CABG [n=5], and percutaneous coronary intervention [n=4]), and 8 had significant stenosis on invasive coronary or CT angiogram without revascularization. These 876 patients were followed for 8AE4 years during which there were 38 incident cases of CAD. These incident cases were diagnosed using invasive coronary angiogram (n=24) and CT angiogram (n=14). The indications for angiograms were non-ST-elevation myocardial infarction (n=4), unstable angina (n=5), abnormal stress test (n=9), left ventricular dysfunction (n=8), and preoperative coronary angiogram (n=12). Of these 38 incident cases, 4 (11%) underwent percutaneous coronary intervention; 6 (16%) underwent concomitant CABG during pulmonary valve replacement; and 28 (74%) received guideline directed medical therapy alone. The overall CAD prevalence in the control group was 6.3% (55 of 876), and the prevalence of premature CAD was 1.8% (16 of 876). Among these 55 patients, 26 (47%) had single-vessel disease while 29 (53%) had multi-vessel disease. Table 2 shows a comparison of ASCVD risk factors in patients with CAD in both groups. There was no evidence of a difference in CAD prevalence (unadjusted) between the COA group and control group, 7.9% versus 6.3%, P=0.247. However, premature CAD was more common in COA patients compared with the control group, 4.4% versus 1.8%, P=0.002.
Risk Factors for CAD
In a combined cohort of both COA and control groups (n=1530), the prevalence of overall CAD and premature CAD were 6.9% and 2.9%, respectively. The multivariable risk factors for CAD were hypertension (OR 2.14; 95% CI 1. (Figure A and B) . Table 3 shows a propensity-matched cohort of 126 COA patients and 126 patients in the control group. There was no difference in the prevalence of overall CAD (6.3% versus 5.6% versus P=0.742) and premature CAD (4.8% versus 3.2%, P=0.518) between the COA and control groups.
Of the 636 COA patients without CAD at the time of initial presentation, we had the necessary clinical variables for ASCVD risk calculation in 413 (65%) patients. Only 58 (14%) of these 413 patients would have qualified for statin therapy based on the risk prediction model. Of these 413 patients, there were 23 incident cases of CAD, and only 4 of the 23 patients would have qualified for statin therapy. The proportion of patients who qualified for statin therapy who developed CAD (4 of 23, 18%) was not different from those that did not develop CAD (54 of 390, 14%), P=0.634.
Discussion Prevalence of CAD in COA
In this retrospective study of 654 patients with COA, we report an overall CAD prevalence of 7.8% and premature CAD prevalence of 4.4%. In a control group of patients with valvular pulmonic stenosis and tetralogy of Fallot, there was an overall CAD prevalence of 6.3% and premature CAD prevalence of 1.8%. There was no significant difference in overall CAD prevalence between patients with COA and the control group, although premature CAD appears to be more common in patients with COA. Several studies have reported reduced longterm survival after COA repair, and premature CAD has been proposed as the underlying mechanism for early mortality in this population. 7, 8, 15 In a longitudinal study of outcomes of 646 patients who underwent COA repair at Mayo Clinic before 1981, there were 87 late deaths at a mean age of 38 years, and 32 of these patients died from CAD-related complications. 7 In a different study of 274 patients who underwent COA repair before 1976, there were 45 late deaths at a mean age of 34 years, and CAD was also identified as the most common cause of death. 8 Cokkinos et al studied 203 patients who underwent COA repair before 1979, and reported 66 late deaths of which 11% were attributable to premature CAD. 15 These early studies became the foundation of the clinical paradigm of an association between COA and premature CAD. While these 3 studies and several other subsequent studies clearly demonstrated a high incidence of premature CAD and early mortality in COA patients, all the studies also reported high prevalence of ASVCD risk factors such as hypertension, hyperlipidemia, and male sex in these patients. [5] [6] [7] [8] To the best of our knowledge, the only study that explored a direct relationship (or lack thereof) between COA and premature CAD was a retrospective study comparing CAD prevalence and risk factors between COA patients and patients with ventricular septal defect using data from the Quebec Congenital Heart Disease database. 9 In that study, there was no difference in CAD prevalence among the COA patients (4.9%) and the patients with ventricular septal defect (3.5%) after adjustment for between-group differences in ASCVD risk factors. 9 These results are consistent with our current study which did not show any difference in the adjusted CAD prevalence between patients with COA and a control group of other congenital heart disease patients. The CAD prevalence of 7.8% in the current study is somewhat higher than the 4.9% reported by Roifman et al, 9 but this is likely because of a higher prevalence of ASVCD risk factors in the current study.
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Figure. 
Risk Factors for CAD in COA
There was no difference in the adjusted prevalence of overall CAD and premature CAD in the current study. Similar to the study by Roifman et al, ASCVD risk factors (such as hypertension, hyperlipidemia, diabetes mellitus, and male sex), and not COA diagnosis, were the predictors of overall CAD and premature CAD. The result of the current study contrasts with the early longitudinal studies that showed a disproportionately high prevalence of CAD in COA patients. 7, 8, 15 While these studies also showed high prevalence of ASCVD risk factors in COA patients, none of the studies had a control group, and hence no rigorous analyses to determine if the observed CAD risk was truly because of COA diagnosis or because of the associated ASCVD risk factors. It is also important to highlight that all these studies were based on patients followed before the 1980s; at a time when medical therapy for ASCVD risk factor modification may not have been universally adopted.
Clinical Implications and Future Directions
A recent population-based study using the Nationwide Inpatient Sample database showed that in comparison with the general population, the patients with COA had elective coronary revascularization and myocardial infarction at a much younger age than expected. 16 There is no debate about incidence and clinical implications of premature CAD in the COA population. The primary message of this current study is that the excess burden of premature CAD in this population is not because of COA diagnosis (a non-modifiable risk) but rather because of ASCVD risk factors, which are modifiable. The results of our study, and the prior study by Roifman et al, support a paradigm shift in the current approach for the management of COA patients. Premature CAD should no longer be viewed as an inevitable complication of COA diagnosis but as a preventable morbidity in this population.
The importance of hypertension in the pathogenies of ASCVD is well established, and the recent practice guidelines recommend a lower threshold for initiating anti-hypertensive therapy because of the incremental mortality associated with even "low grade" hypertension. 17, 18 Patients with COA have underlying vasculopathy and endothelial dysfunction which accounts for high prevalence of hypertension at rest and during exercise in these patients. In a recent study from our group, we reported that hypertensive response to exercise occurred in 19% of COA patients even in the setting of normal resting blood pressure and no residual aortic obstruction. 12 In comparison with the COA patients with normal resting and exercise blood pressure, those with hypertensive response to exercise had more cardiovascular adverse events. The current guidelines for the management of adults with congenital heart disease consider the screening of exercise-induced hypertension as a II-b recommendation. 19 Perhaps these new findings should prompt further investigations to determine if a more aggressive approach to management of hypertension in the COA population is warranted if the goal is to decrease the risk of premature CAD (a preventable complication).
Another clinical implication of the current study is the management of hyperlipidemia in COA patients. Based on the ASCVD risk calculator endorsed by the American College of Cardiology, 14 86% of the patients including 82% of those that developed CAD within 10 years would not have qualified for statin therapy at the time of initial presentation. Since older age is a critical metric used in this calculator, and most COA patients develop CAD at a much younger age, and perhaps the ASCVD risk calculator may not capture the risk profile of this unique population. There is a need for further studies to delineate the pathobiology responsible for hyperlipidemia in COA patients, and also to develop new clinical risk indices that will provide optimal risk prediction to guide prophylactic therapy in these patients.
Limitations
This is a retrospective single center study and is therefore prone to referral and ascertainment bias. Although we performed rigorous analyses with propensity matching and logistic regression, the results of the study may be influenced by some other confounders not controlled for in our statistical models. We did not have data about patients' adherence to medical therapy and how this could have influenced the observed outcomes. These limitations could affect generalizability of our results. Additionally, our analyses and results could have been influenced by small sample size, hence under-powering the study to detect a statistical a significant difference.
Conclusions
The current study shows that the adjusted prevalence of overall CAD and premature CAD in patients with COA was 6.3% and 4.8%, respectively, and this was not significantly different from other congenital heart disease patients. After adjusting for atherosclerotic cardiovascular disease risk factors, we did not find evidence of a difference in CAD risk between the patients with COA and other patients with congenital heart disease.
